Background: The aim of this study was to quantitatively analyze quite standing postural stability of adolescent idiopathic scoliosis (AIS) patients in respect to three sensory systems (visual, vestibular, and somatosensory). Method: In this study, we analyzed the anterior-posterior center of pressure (CoP) signal using discrete wavelet transform (DWT) between AIS patients (n = 32) and normal controls (n = 25) during quiet standing.
Background
Adolescent idiopathic scoliosis (AIS) is defined as a three-dimensional morphological deformity of the spine [1] . The severity of AIS is generally diagnosed by measuring Cobb's angle, the golden standard with 10 degrees diagnostic criteria on radiograph based X-ray images [1, 2] . The morphological deformity of the spine is intimately interconnected with the central-nervous system [3, 4] , altering the sensory process [5] [6] [7] and causes balance dysfunction of the static stability [8] [9] [10] . The morphological deformity such as concave (the inside of scoliosis curve direction) and convex (the outside of scoliosis curve direction) of the spine can cause alternation in head position [11, 12] and asymmetric activity of the muscles surrounding the spine [13] , which can result in trunk center of mass (CoM) change [14] . People with spinal deformity maintain their postural stability by rearranging these alterations through various interactions of sensory systems [11, 15, 16] . The processing for controlling postural instability is determined by sensory organization of visual, vestibular, and somatosensory systems [17] . Therefore, sensory processing of postural stability during quiet standing in AIS patients can be an important analytical factor [18] [19] [20] .
The human body is designed to maintain a vertical orientation to the eyes and ground parallel in horizontal plane [21] . To maintain postural stability, the visual system adjusts the posture by providing information about the surrounding environment [17] while vestibular system adjusts the posture by managing the movement and position of the head [22] . In other words, both visual and vestibular systems help adjust the spatial orientation for maintaining postural stability [23, 24] . The somatosensory system helps support the body to maintain postural stability; additionally, provides information on the improvement of joint stability to maintain the static state through controlling muscle activation by the nervous system [25] [26] [27] . This kinematic control ability is organized in close association with the input from the visual and vestibular systems [23, 28] . The analysis of the center of pressure (CoP) can be applied to interpret a postural instability with respect to sensory processing during quiet standing in AIS patients [18, 29, 30] . The CoP signal is distinguished by visual (< 0.1 Hz), vestibular (0.1-0.5 Hz), and somatosensory (0.5-1.0 Hz) systems according to the frequency [31] [32] [33] [34] . In fact, different power spectrum intervals have been reported in various studies, including 0-0.5, 0.5-2, and > 2 Hz [35] ; 0-0.1, 0.1-0.5, and 0.5-1 Hz [31] , and 0-0.3, 0.3-1, and 1-3 Hz [36] . However, according to recent studies, criteria of 0-0.1, 0.1-0.5, and 0.5-1 Hz are frequently used to analyze the effect a certain medicine treatment on the postural stability of patients with unilateral vestibular disorder [34] , evaluate postural sway dynamics in quiet standing [32] , and investigate balance functions in migraineur with and without vertigo [33] . These criteria correspond to each sensory system were calculated by measuring oscillations made on a stabilometer in a second [31] .
A sensory organization test (SOT) has been used to evaluate sensory information while maintaining postural stability in AIS patients [8] [9] [10] . The SOT method is used to observe posture control during standing according to environmental changes of the three sensory systems (visual, vestibular, and somatosensory) [8] [9] [10] . The SOT method evaluates the postural control ability in six states. Individual sensory information is identified through comparative analysis of two of these six states. For example, vestibular sensory information is evaluated by dividing the result of the protocol that is responsible for the vestibular system into results of the protocol of the three sensory systems [9] . The SOT has been used to analyze the effect of a spinal brace on postural control for AIS [8] , the difference in sensory information according to the degree of spinal deformation [9] , and the relationship between somatosensory function changes and postural control in AIS patients [10] . However, using SOT to quantify the functions of visual, vestibular, and somatosensory systems during quiet standing has some limitations. First, a spatial constraint arises due to the size of the equipment used to analyze the sensory system, for example, Smart Equitest (NeuroCom International Inc., Clackamas OR, USA): size = 1350 × 1550 × 2390 mm. Second, to identify the complex sensory integration, sensory information should be acquired simultaneously. Consequently, the individual results can be obtained from two separate SOT experiments [8] [9] [10] . This method also has limitations in multiple analysis of the sensory integration process for maintaining the stability of standing posture [8] [9] [10] .
In this study, we applied discrete wavelet transform (DWT) method to analyze the sensory integration process, using only CoP signal without additional equipment, in order to evaluate postural instability during quiet standing. DWT method is used to decompose a signal composed of high and low frequencies. It is appropriate to interpret effects of three sensory systems (visual, vestibular and somatosensory systems) on maintaining postural stability through decomposing the CoP signal [37] . Additionally, we evaluated sensory information characteristic in postural instability depending on AIS severity according to Cobb's angle.
Methods

Participants
Fifty-seven subjects participated in this study to analyze the effect of morphologic deformation on postural instability, including 32 AIS patients (all females, age = 14.3 ± 2.2 yr., height = 155.8 ± 9.2 cm, weight = 44.0 ± 8.3 kg, cobb angle = 31.1 ± 15.8°) without history of surgical treatment or rehabilitation and 25 adolescents (all females, age = 14.8 ± 4.2 yr., height = 156.8 ± 6.3 cm, weight = 44.2 ± 7.6 kg) without musculoskeletal diseases of similar age. In order to analyze posture control according to AIS severity, we divided the subjects into three cases of severity based on the largest Cobb's angle (10°< mild ≤20°(n = 12); 20°< moderate ≤40°(n = 10); and severe > 40°(n = 10) [38, 39] . All experimental protocols were approved by the Institutional Review Boards of Korea University Guro Hospital. All experiments were performed in accordance with relevant approved guidelines and regulations of Sungkyunkwan University. Before the experiment, all participants provided informed consent to participate.
Experimental setup and data collection
We used anterior-posterior CoP during quiet standing to analyze the effect of spinal morphologic deformity on postural instability. The CoP defined as the point location of the ground reaction force vector has been used as a parameter for evaluating balance control ability of CoM [40] . Subjects stood upright in a comfortable stance, and they were asked to hold their arms along the side of their body while standing quietly on a force plate. The standing condition was divided into two conditions during quiet standing (with eyes open and with eyes closed) in order to analyze the difference in the sensory system according to change of visual information [37] . Differing eyes open and eyes closed conditions, the presence and absence of visual information, an important design parameter, allows observers to measure activities of vestibular and somatosensory systems in postural control [37, 41] . A CoP signal in eyes open condition was used to analyze the effect of normal sensory information from visual, vestibular, and somatosensory systems on posture control. On the contrary, that from eyes closed condition facilitated the analysis of the effect of vestibular and somatosensory information on posture control with limited visual information.
In addition, difference of energy contents between eyes open and eyes closed conditions could allow quantitative analysis about the effect of differences among three sensory systems on posture control. Subjects were asked to stare at a dot marked at a horizontal distance from their eyes. In the eyes open experiment, subjects kept staring at the dot. In the eyes closed experiment, subjects instantly closed their eyes at the start of the experiment [37] . Each subject continued quiet standing with eyes open or with eyes closed for a period of 70s [42] . This trial was repeated six times. Average values of each eyes open and eyes closed condition were used. CoP data were obtained using force plates (OR6-2000, AMTI Inc., Newton, Massachusetts, USA) and sampled at 120 Hz [43] .
Data processing
To compare the difference in sensory system between AIS and control groups, CoP signal was analyzed using a DWT to compare between conditions of eyes open and eyes closed during quiet standing [37] . DWT can be decomposed into a high frequency and a low frequency signal through the scaling function (φ (j, k) (t)) and the wavelet function (ψ (j, k) (t)), respectively (Eq. (1)).
In the above Equation, c j, k and d j, k denote approximated coefficients and detailed coefficients, respectively. j and k denote decomposition level (j = 1, 2, …, J) and discrete location of the CoP signal (f(t)). The detail signal (W(j, k)) and approximated signal (S(j, k)) of the CoP signal are obtained using the following Eqs. (2) and (3).
From the Eqs. (4) and (5), energy content (E(j)) and total energy content (E T ) of the corresponding decomposition level are calculated using detail signal and approximated signal obtained above, respectively. Where, K (j) is discrete location in level j [37] .
The energy content in eyes closed case (E EC % (j)) is calculated as a percentage of the ratio between total energy content (E T ) and energy content corresponding to decomposition levels (E EC (j)). The energy content in eyes open case (E EO % (j)) is calculated using the same method (Eqs. (6) and (7)).
In order to analyze energy content differences between eyes closed and eyes open conditions, energy rate (ΔE EYE (j)) was quantified by the following Eq. (8) .
Figure 1 presents the decomposition process of CoP signal using DWT. Decomposition level j is calculated considering the characteristics of both CoP signal and wavelet function. For each level, the CoP signal is decomposed by applying a high pass filter and a low pass filter. Detail coefficients (d 1~dj ) are obtained through level 1 to j high-pass filter while the approximation coefficient (c j ) at level j is obtained through the low-pass filter.
Statistical analysis
Statistical analysis was performed using SPSS 15.0 software (SPSS Inc., Chicago, IL, USA) for analyzing changes in the sensory system between conditions of eyes open and eyes closed during quiet standing in AIS and control groups. Energy contents using DWT were analyzed by calculating the average and standard deviations. To analyze the difference in energy contents between eyes open and eyes closed conditions in the same group and the difference in the energy rate between AIS and control groups, independent t-tests were performed for all variables. Analysis of variance (ANOVA) was performed on variables to analyze difference in energy rate between AIS patients with three different severity levels based on Cobb's angle. Differences among the three groups of AIS were analyzed using Bonferroni post-hoc test. Statistical significance level was set at p value of less than 0.05.
Results
Discrete decomposition of CoP signal using DWT and analysis of sensory system in both control and AIS groups
To quantitatively analyze the sensory system known to control postural stability in AIS and control groups during quiet standing, we acquired ten detail coefficients for low frequency components and one approximate coefficient for high frequency components of the CoP signal using DWT. Figure 2 shows an example of reconstructing the results into low frequency signal and high frequency signal of CoP. The downward direction denotes an increasing discrete level. The signal is divided into an approximation signal (high frequency signal) and detail signal (low frequency signal). The open-loop and closed-loop signals are separated by 1 Hz [44] . In addition, the closed-loop signal is distinguished by three sensory systems (Somatosensory: 0.5-1.0 Hz; Vestibular: 0.1-0.5 Hz; Visual: < 0.1 Hz) according to the frequency range [31] [32] [33] [34] . Figure 4c shows difference of energy content (%) between eyes open and eyes closed subjects for each level section. E EC % represents a significantly higher value than E EO % at levels 4~9 while E EO % shows a higher value than E EC % at level 10 (p < 0.05 or p < 0.01).
Difference of energy content (%) between control and AIS in eyes open and eyes closed subjects Table 1 and Fig. 5 show results comparing the energy rate between control and AIS groups for each level section. Table 1 shows quantitative results (mean ± standard deviation) of the difference in energy rate (%) between control and AIS groups. Figure 5 shows statistical results. It graphically illustrates the result of energy rate. The vertical axis shows the percentage of energy rate (ΔE EYE %). A positive energy rate is shown when the magnitude of E EC % is larger than that of E EO % while a negative energy rate is shown in the opposite case. As a result, the energy rate of the AIS group was significantly higher than that of the control group at levels 4 to 9 (p < 0.05 or p < 0.01). Table 2 shows energy contents between eyes open and eyes closed subjects according to the severity of AIS for each level section. E EC % showed a significantly higher tendency than E EO % at levels from 4 to 9 (all p < 0.01). On the contrary, E EO % was relatively higher at level 10 (p < 0.05). In many frequency sections, the difference in energy contents between eyes open and eyes closed subjects was more significant in the closed-loop signal than that in the open-loop signal. Significant differences were shown in energy content (%) between eyes open and eyes closed subjects in the frequency sections of somatosensory (levels 6 and 7) and vestibular (levels 8 and 9) in all severity groups. Table 3 and Fig. 6 show difference of energy rate (ΔE EYE %) according to the severity of AIS for each level section. The result shows significant differences among severity groups in open-loop (level 2) and closed-loop (levels 7~10) signals. At levels 7 to 10, the energy rate was increased significantly depending on the severity (p < 0.05 or p < 0.01). At level 6, there was a significant difference in energy rate between mild and severe groups (p < 0.05). In addition, the energy rate of the severe group was increased 
Analysis of sensory system between eyes open and eyes closed according to severity of AIS
Discussion
In order to analyze postural stability with respect to three sensory systems during quiet standing in AIS patients, the DWT method was applied in this study. The DWT method for CoP signal decomposition has been applied in various fields. It has been used to analyze difference of postural stability based upon gender [45] , determine effect of vestibular dysfunction on postural control [46] , and evaluate difference of postural control ability after cochlear implant surgery [47] . In this study, we analyzed the difference of postural instability between AIS group (n = 32) and control group (n = 25) of the similar age, and interpreted differences in sensory information in terms of visual, vestibular, and somatosensory systems. For analysis of the three sensory systems used for postural stability, we divided 11 frequency sections of the CoP signal using the DWT method [42] . The decomposed CoP signal was divided into open-loop and closed-loop signals based on 1 Hz [44] . In Figs. 3 and 4, the variation in energy content (%) showed similar tendencies in both the control and AIS groups. The energy content (%) was higher in the closed-loop than that in the open-loop signal because the feedback mechanism through neurological information played an important role in postural control [48] . In the open-loop signal, sensory feedback information is not used because the posture is directly controlled by generated motor control in the central nervous system [48, 49] . However, using only open-loop does not provide enough information to maintain posture stability. Therefore, posture control using closed-loop via sensory feedback information is needed [48, 49] . The lowest energy content was observed at level 1, which was gradually increased up to vestibular sensory system level (levels 8 and 9), and then decreased. The highest energy content appeared in levels according to vestibular input. The next highest energy content was shown in somatosensory system levels ( Figs. 3 and 4) . Morphological deformity of the spine can alter the head position [11, 12] which changes the CoM of trunk segment [14] . The vestibular system has a role of controlling variation of head position at the quite standing posture [11, 15] . The altered trunk CoM is rearranged by ankle and hip joints control strategy of the somatosensory system [16] . The energy content (%) showed relatively low values at visual levels. However, visual information also plays an important role in posture control as it provides continuous information to maintain a horizontal relationship between the body and the surrounding environment [17] . Figure 3c shows statistical result of the difference in energy content (%) acquired in the control group under eyes open and eyes closed conditions. Figure 4(c) shows the result for the AIS group. For control and AIS groups, significant differences in energy contents between eyes open and eyes closed conditions were shown at levels 4~10 (p < 0.05 or p < 0.01). At levels 4~9, the energy content (%) of eyes closed condition was higher than that of eyes open condition. Both groups showed higher energy content (%) in the eyes closed condition at levels 4 and 5 which corresponded to the open-loop signal. This is because the human body uses energy content (%) in the open-loop signal to compensate for body stiffness arising from the lack of visual information in eyes closed condition. The joint velocity increment for the posture rectification in eyes closed condition might increase joint stiffness [50] . Effective stochastic activity fluctuation of the open-loop control mechanisms is closely related to stiffness variations in their musculoskeletal system [51, 52] . In addition, the high reliance on eyes closed condition at somatosensory (levels 6 and 7) and vestibular (levels 8 and 9) might be compensation for the lack of visual information [37, 53] . On the other hand, the lower energy content (%) in eyes closed condition rather than eyes open was found at level 10 because visual information was not provided in the eyes closed condition [37] .
The difference in energy rate (ΔE EYE %) for control and AIS groups between eyes open and eyes closed conditions was analyzed (Table 1 and Fig. 5 ). The purpose of this analysis was to determine the effect of morphological deformation of the spine on the sensory system. Results revealed a significant difference in energy rate (ΔE EYE %) between control and AIS groups at levels corresponding to vestibular and somatosensory systems (AIS > control; all p < 0.01). This study was mainly focused on the results that corresponded to vestibular and somatosensory system because the open-loop signal (levels 1~5) was not required for feedback information of the sensory system and the energy rate differences were very low in visual sensory levels. The vestibular system works to control the balance of the head [54] . The somatosensory system maintains postural stability through kinematic information which is generated from muscles and joints [17] . The ΔE EYE % of the AIS group in the vestibular levels was significantly higher than that of the control group because the AIS group showed greater energy content (%) in eyes closed condition than that in eyes open condition. The human body is composed of multiple segments that are continuously moved by joints to align the body over the base of support to maintain postural stability [55] [56] [57] . However, the morphological deformity of the spine may alter the orientation of the head in 3-dimensional planes [11, 12] . The change in head position is not only the main cause of a change in trunk CoM [58] . It also changes the ability to provide information about the vestibular system [59, 60] . The human body adopts a strategy that utilizes more vestibular information in maintaining postural stability in case of visual information paucity while in eyes closed condition [37, 61] . For this reason, the ΔE EYE % of the AIS group was higher than that of the control group in levels corresponding to the vestibular system. The ΔE EYE % of the AIS group was also higher than that of the control group in somatosensory levels (levels 6 and 7). The morphological deformation of the spine causes an asymmetric activity of muscles between concave and convex side of spine [62] . Musculoskeletal impairments can change the head position [11, 12] , alter trunk CoM position [14] , and cause postural instability [62] . The somatosensory system can rearrange the altered CoM of trunk with ankle and hip joint control strategy to maintain postural stability [8, 17] . Therefore, AIS patients relied on the somatosensory system which plays a role in controlling the equilibrium of the posture through information from joints and muscles [10, 17] . In this study, we also analyzed the effect of morphological deformation of the spine on the sensory system depending on AIS severity (Tables 2, 3 , and Fig. 6 ). Results revealed that the ΔE EYE % had high values as morphological deformity worsened at levels 8 and 9 which corresponded to the vestibular system (p < 0.05). In addition, a high energy rate (ΔE EYE %) was observed as morphological deformity worsened at somatosensory level (level 7) and visual sensory level (level 10) (p < 0.05 or p < 0.01). At level 6 (severe vs. mild) and level 11 (severe vs. moderate), energy rate difference was only observed between two severities (p < 0.05). The energy rate was gradually increased according to the degree of AIS severity. However, it is difficult to propose a generalized conclusion about whether a clear difference in the sensory system can maintain postural stability depending on AIS severity. This is because the standard deviation showed a large variation according to each severity level, as shown in the graph of Fig. 6 . However, the energy rate (ΔE EYE %) tended to be higher as overall severity increased. This implies that the energy content (%) of the CoP signal through the DWT method is one of important kinematic variables to distinguish AIS severity.
Conclusion
AIS patients showed high dependency on vestibular and somatosensory systems in maintaining their postural stability compared to the control group when CoP signal was analyzed using the DWT method to determine differences in sensory systems. These results can be interpreted as compensation due to instable posture caused by asymmetry of concave and convex curves in the spine and altered head position from morphological deformity of the spine. In the present study, posture control ability was also analyzed according to the degree of AIS severity. Although it is difficult to conclude any clear difference among severities due to high standard deviation of each severity, the tendency of the energy rate according to the degree of severity differed. Evaluating CoP signals from quiet standing posture of AIS patients, regarding sensory system using DWT method can give helpful reference to compare postural stability before and after various treatments such as spinal fusion, bracing and rehabilitation. Future study is needed to deduce more generalized and concrete results by acquiring more data and interpreting with SOT. This will allow more clear interpretation of changes in physical exercise ability caused by morphological deformation of the spine. 
